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Description

BACKGROUND

[0001] Various disposable cardiac introducers or delivery catheters are widely used in hospitals, not only for conducting
electrophysiology & atrial fibrillation (EP/AF)-relevant clinical procedures, but also for facilitating the implantation of heart
valves & heart occlusion devices and cardiac rhythm management (CRM) pacing leads. To meet relevant functional
requirements in structural complexity (e.g. axial flexibility, surface lubricity, kink resistance, column strength, and torque-
ability, etc.), such an introducer or delivery catheter is often manufactured as a tubular shaft with a center lumen as
defined by an inner liner, onto which an outer polymer member is seamlessly adhered to form a polymeric sheath or
relevant shaft segment.
[0002] To facilitate the introduction or delivery of medical devices (e.g., EP mapping or ablation catheter, CRM pacing
lead, heart occlusion plugs, percutaneous heart pump, replacement mitral valve or aortic valve, etc.), the center lumen
of an introducer sheath or delivery catheter shaft, as defined by a polymer inner liner, should exhibit consistent surface
lubricity and endurable abrasion resistance to maximally reduce frictional resistances against the advancement of the
device through the whole length of the shaft and the tortuous vasculature on its way to a targeted anatomy site.
[0003] A polymer inner liner can commonly be made of a polytetrafluoroethylene (PTFE) homopolymer material due
to its high material lubricity (lowest coefficient of friction in the dry state) among all known polymeric materials. However,
PTFE supplied in the form of a powder is not melt processable and must be ram or paste extruded. Due to its characteristic
fibrous structure, such an extruded PTFE liner can have weak lateral strength and poor wear resistance. Hence, a
cardiac introducer or delivery catheter comprising such a PTFE inner liner can be susceptible to material failure in the
form of fibrous cracking or splitting.

SUMMARY

[0004] Embodiments include a catheter comprising a proximal handle, a distal tip, and a shaft extending between the
proximal handle and the distal tip. The shaft comprises an outer polymer layer, and an inner polymer layer disposed
adjacent to the outer polymer layer and defining an internal lumen. The inner polymer layer includes a blend of two or
more polymers, and the blend of two or more polymers includes PTFE and one or more copolymers.
[0005] Embodiments additionally include a catheter liner comprising an inner polymer layer disposed adjacent to an
outer polymer layer and defining an internal lumen. The inner polymer layer includes a blend of two or more polymers,
and the blend of two or more polymers includes PTFE and one or more copolymers.
[0006] Further embodiments include a method of making a catheter liner, the method comprising melt blending TFE-
containing copolymers with PTFE fine powder, sufficient to form a dispersed blend, melt extruding the dispersed blend
to form an inner layer, chemically etching the inner layer to form a chemically activated inner layer, and contacting the
activated inner layer with at least one additional layer. The amount of PTFE in the dispersed blend includes 1% to 35%
by weight of the entire blend.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007]

FIG. 1 shows a perspective view of a catheter, according to some embodiments.
FIG. 2 shows a cross-sectional view of a catheter, according to some embodiments.
FIG. 3 shows a flow chart diagram of a method of making a catheter using melt processable extrusion of an inner
liner, according to some embodiments.
FIG. 4 shows a flow chart diagram of a method of making a catheter using ram extrusion of an inner liner, according
to some embodiments.
FIG. 5 shows a cross-sectional view of a catheter during formation, according to some embodiments.
FIGS. 6A-B show electron micrograph views of inner liners in a catheter, according to some embodiments.

ASPECTS

[0008]

1. A catheter comprising:

a proximal handle;
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a distal tip; and
a shaft extending between the proximal handle and the distal tip, the shaft comprising:

an outer polymer layer; and
an inner polymer layer disposed adjacent to the outer polymer layer and defining an internal lumen;
wherein the inner polymer layer includes a blend of two or more polymers; and
wherein the blend of two or more polymers includes PTFE and one or more copolymers.

2. The catheter of aspect 1, further comprising one or more intermediate layers disposed between the inner polymer
layer and outer polymer layer.

3. The catheter of aspect 1, further comprising a reinforcing layer disposed between the inner polymer liner and
outer polymer layer.

4. The catheter of aspect 1, further comprising a reinforcing layer and an intermediate layer disposed between the
inner polymer liner and outer polymer layer.

5. The catheter of aspect 1, wherein the amount of PTFE in the blend includes 1% to 35% by weight of the entire blend.

6. The catheter of aspect 1, wherein the amount of PTFE in the blend includes 5% to 15% by weight of the entire blend.

7. The catheter of aspect 1, wherein the amount of PTFE in the blend includes 0.5% to 25% by weight of the entire
blend.

8. The catheter of aspect 1, wherein the one or more copolymer includes copolymers with greater than 5% TFE
monomers.

9. The catheter of aspect 1, wherein the one or more copolymer includes copolymers with 10% to about 40% TFE
monomers.

10. The catheter of aspect 1, wherein the one or more copolymer includes PFA, FEP, ETFE, EFEP, and THV.

11. The catheter of aspect 1, wherein the blend further includes a liquid lubricant.

12. The catheter of aspect 11, wherein the liquid lubricant is present in the blend between 2% and 5% by weight.

13. The catheter of aspect 11, wherein the liquid lubricant includes one or more of TFEO and HFPO.

14. The catheter of aspect 1, wherein the catheter shaft includes one or more catheter shaft sections.

15. A catheter liner comprising:

an inner polymer layer disposed adjacent to an outer polymer layer and defining an internal lumen;
wherein the inner polymer layer includes a blend of two or more polymers; and
wherein the blend of two or more polymers includes PTFE and one or more copolymers.

16. The catheter liner of aspect 15, wherein the amount of PTFE in the blend includes 1% to 35% by weight of the
entire blend.

17. The catheter of aspect 15, wherein the amount of PTFE in the blend includes 5% to 15% by weight of the entire
blend.

18. The catheter liner of aspect 15, wherein the amount of PTFE in the blend includes 0.5% to 25% by weight of
the entire blend.

19. The catheter liner of aspect 15, wherein the one or more copolymer includes copolymers with greater than 5%
TFE monomers.
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20. A method of making a catheter liner, the method comprising:

melt blending TFE-containing copolymers with PTFE fine powder, sufficient to form a dispersed blend;
melt extruding the dispersed blend to form an inner layer;
chemically etching the inner layer to form a chemically activated inner layer; and
contacting the activated inner layer with at least one additional layer;
wherein the amount of PTFE in the dispersed blend includes 1% to 35% by weight of the entire blend.

DETAILED DESCRIPTION

[0009] Embodiments herein describe a catheter inner liner and related methods that provide a liner with high lubricity
and durability, while maintaining lower cost manufacturing and processability. In one embodiment, one or more melt-
processable, tetrafluoroethylene (TFE)-containing copolymers are blended with an amount of PTFE fine powder and
melt extruded into an integral and lubricous fluoropolymer inner liner. As PTFE is not melt-processable, this inner liner
melt-extruded of such a melt-processable TFE-containing copolymer blend, or a fluoropolymer blend, combines manu-
facturing ease and cost savings, with high lubricity and increased wear durability, as well as improved abrasion resistance
as compared to a conventional or common inner liner ram-extruded of a PTFE homopolymer alone. In addition to its
high lubricity and wear resistance, such an inner liner melt-extruded of a TFE-containing copolymer blend largely lacks
any fibrous morphological structure that causes problems in medical device use over time. A TFE-containing copolymer
resin, or a fluorinated copolymer resin of tetrafluoroethylene (TFE), is generally melt-processable, and can be readily
used for making an integral fluoropolymer inner liner having a slightly reduced material lubricity than a PTFE inner liner,
but with equally high or superior lateral and axial strengths and more durable wear and abrasion resistances. To enhance
material lubricity, a fluoropolymer blend or compound of a TFE-containing copolymer resin is developed by incorporating
PTFE fine powder as a performance enhancing lubricant because of its inherent chemical compatibility to a PTFE
homopolymer. The constituent TFE unit within a TFE-containing copolymer can be represented by the following structure:

[0010] In an additional embodiment, a cross-linked PTFE inner liner may be utilized. The cross-links between linear
PTFE polymer chains prevent axial peeling of an inner liner comprised of highly oriented PTFE fibrils as formed by ram
extrusion, while enhancing wear and abrasion resistance as well as maintaining maximum lubricity. In another embod-
iment, a small amount of a TFE-containing copolymer is added to PTFE fine powder to result in a fluoropolymer blend
for forming an inner liner via ram extrusion. The addition of the TFE-containing copolymer disrupts the fibrous PTFE
morphology and creates a more durable inner liner.
[0011] Referring to FIG. 1, a perspective view of a catheter 100 is shown, according to some embodiments. A catheter
shaft 102 includes a distal end or tip 104 and proximal end 106. A handle 110 may be coupled or integral with shaft
proximal end 106 to control or manipulate the catheter shaft 102. A hub or port 112 may be positioned near the handle
110 or proximal end 106 for introduction of a medical device, for example. A valve 108 may be in contact with the hub
112, proximal end 106, or both. The catheter shaft 102 may include one or more catheter shaft sections 114.
[0012] The catheter shaft 102 may be made of a plurality of sections 114, each of the sections manufactured or
engineered of differing materials or material ratios to achieve structural flexibility and steerability. For example, one
section 114 may have increased kink resistance or torqueability as compared to another section 114. The sections 114
may be created in the manufacturing process, as a one-piece shaft. Alternatively, the sections 114 may be manufactured
separately and subsequently attached or assembled.
[0013] Referring to FIG. 2, a cross-sectional view of a catheter 100 (Line A-A in FIG. 1) is shown, according to some
embodiments. An inner liner or layer 202 forms a central lumen 212 in a catheter shaft 102. An optional reinforcing layer
204 surrounds the inner liner 202. An optional intermediate layer 206 lies between the reinforcing layer 204 and an outer
layer 208. An external heat-shrink tube or layer 210 is positioned in contact with the outer layer 208.
[0014] The inner liner 202 may be integral to the entire catheter shaft 102 or be part of one or more catheter sections
114. The inner liner 202 may include different compositions or material ratios from one catheter section 114 to another,
for example.
[0015] The inner liner 202 may be manufactured of a fluoropolymer blend of one or more TFE-containing copolymers
with polytetrafluoroethylene (PTFE) homopolymer as a minor constituent. The amount of PTFE homopolymer in the
blend may be about 1% to about 35% by weight. The amount of PTFE homopolymer may be about 5% to about 15%,
about 3% to about 20%, about 5% to about 30%, or about 0.5% to about 25%, by weight, for example. The one or more
copolymers are chemically derived from TFE as a comonomer and such a copolymer may include greater than 5% TFE
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comonomer, or about 5% to about 50% TFE comonomer, or about 10% to about 40% TFE comonomer, for example.
Specific examples of TFE-containing copolymers include perfluorinated copolymers such as perfluoroalkoxy alkanes
(PFA) and fluorinated ethylene propylene copolymer (FEP). Additional examples include partially fluorinated copolymers
such as ethylene-tetrafluoroethylene copolymer (ETFE), ethylene-fluorinated ethylene-propylene copolymer (EFEP),
and THV thermoplastic elastomers. ETFE is essentially a 1:1 alternating copolymer of ethylene and tetrafluoroethylene.
EFEP is a random terpolymer of ethylene, tetrafluoroethylene, and hexafluoropropylene. THV is a random terpolymer
of tetrafluoroethylene (TFE), hexafluoropropylene (HFP) and vinylidene fluoride (VDF), for example.
[0016] PFA copolymer is generally described as tetrafluoroethylene (TFE)-perfluoroalkoxy (PFA) copolymer, or simply
PFA copolymer, which is synthesized by using the co-monomers of TFE (CF2=CF2) and perfluoroalkylvinyl ether
(CF2=CF-ORF), that is,

where RF denotes a perfluoroalkyl group having the number of carbon atoms from 1 to 10. The number of carbon atoms
in the constituent RF group is typically 1 to 3, which correspond to the comonomer of perfluoromethylvinyl ether (PMVE),
perfluoroethylvinyl ether (PEVE), perfluoropropylvinyl ether (PPVE) for making a TFE-PFA copolymer, respectively. In
general, PFA copolymer has a high melting temperature of about 315 °C, which is close to that of PTFE homopolymer
(at about 326 °C). Upon melt compounding, PTFE fine powder can melt and be thermally fused with a PFA copolymer
matrix, thus resulting in an integral PFA fluoropolymer blend with lubricous PTFE homopolymer as a stabilized lubricating
phase within the blend. Exemplary commercial PFA copolymer resins may include Hyflon® MFA (i.e. poly(TFEco-PMVE)),
Neoflon™ PFA, Dyneon™ PFA, Chemfluor® PFA, Teflon™ PFA, Aflon® PFA, etc.
[0017] FEP copolymer is generally known as tetrafluoroethylenehexafluoropropylene copolymer having the following
molecular structure,

Exemplary FEP copolymer resins may include Teflon® FEP, Neoflon™ FEP, Dyneon™ FEP, etc. In general, FEP copol-
ymer has a relatively low melting temperature of about 260 °C.
[0018] A family of the terpolymers chemically derived of tetrafluoroethylene (TFE), hexafluropropylene (HFP) and
vinylidene fluoride (VDF) comonomers are commonly known as THV thermoplastic elastomers, having the following
exemplary structure:

[0019] An exemplary family of THV thermoplastic elastomer materials are commercially available with tradename of
Dyneon™ THV. These THV materials possess varying mechanical properties suitable to different design requirements.
Depending on different ratios of TFE, HFP and VDF comonomers, a THV thermoplastic elastomer material has the
varying melting temperature from about 120 to 225 °C.
[0020] ETFE copolymers are chemically derived from ethylene and tetrafluoroethylene comonomers and have the
general molecular structure as
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ETFE material is a partially fluorinated copolymer, whose melting temperature varies from about 225 to 300 °C, depending
on the relative ratio of ethylene versus TFE comonomers. As TFE content increases, the melting temperature of ETFE
increases and also possesses a comparable material surface lubricity as PTFE homopolymer. Exemplary commercial
ETFE copolymer resins may include Tefzel® ETFE, Neoflon™ ETFE, Dyneon™ ET, Fluon® ETFE, etc.
[0021] EFEP copolymers are chemically derived from ethylene, tetrafluoroethylene and hexafluoropropylene comon-
omers and have the general molecular structure as

Like ETFE material, EFEP terpolymer is also a partially fluorinated copolymer. Due to additional inclusion of perfluorinated
hexafluoropropylene monomer, EFEP material, as compared with ETFE material, has improved material toughness,
lower coefficient of friction and enhanced non-stick property, and more favorable melt processability because of its lower
melting temperatures (which varies from 160 to 195 °C). Exemplary EFEP terpolymer materials, known as Neoflon EFEP
RP-series, are exclusively supplied by Daikin Industries Ltd.
[0022] TFE-containing copolymer material having a relatively low melting temperature (e.g. EFEP, THV copolymers,
FEP, etc.) may be utilized to prepare a lubricious fluoropolymer blend including PTFE fine powder and additional per-
fluoropolyalkylether or perfluoropolyether (PFPE) liquid lubricant at about 0 to 10%, or 1% to 10% by weight. Such a
fluoropolymer blend may comprise the liquid lubricant in an amount of about 2 to 5% by weight, for example. In one
example, a commercial PFPE liquid lubricant is chemically comprised of, poly(hexafluoropropylene oxide) (HFPO) as
illustrated by

n=10 to 60
; or

p/q<0.8
polytetrafluoroethylene oxide) (TFEO) as illustrated by

p/q<0.8
poly(perfluorotrimethylene oxide) (PFTMO) as illustrated by

n=10 to 60
These liquid PFPE lubricants are commercially available under various tradenames, e.g. Fluoroguard® pharmaceutical
grade, Fomblin® Y, etc.
[0023] An integral and lubricious inner liner melt-extruded of one of the above TFE-containing copolymer resins or
underlying fluoropolymer blends still has a very low surface energy comparable to a PTFE homopolymer material. To
chemically adhere with an outer layer 208 or any layers externally adjacent to the liner 202 that is generally comprised
of a polar polymer material, the exterior surface of such an inner layer 202 may be chemically etched using a sodium-
containing etchant, such as sodium naphthalenide solution in THF or glyme solvent, similar to a PTFE inner liner that
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is ram extruded. Chemical etching imparts the chemically activated exterior surface of the inner liner 202 to allow for
thermal fusion bonding of the liner 202 to the outer polymer layer 208 (or intermediate layer 206 or any externally adjacent
layer) of the shaft 102, while the interior surface of the liner 202 remains intact to define the surface lubricity of the center
lumen of the shaft.
[0024] In an additional embodiment, the inner liner 202 may be an irradiation-crosslinked PTFE tube (i.e. xPTFE tube)
(the same or similar to tube 210), or a heat-shrinkable PTFE tube having a crosslinked network structure. Although made
by ram extrusion and having a fibrous structure, the introduction of crosslinks between highlyoriented PTFE fibrils
considerably enhances the lateral strength of a xPTFE tube, such that material resistances to fibrous splitting or cracking
and sequential wear and abrasion are greatly enhanced without compromising on inherent material lubricity.
[0025] In one embodiment, irradiation-induced crosslinking of a PTFE tube may be accomplished by the addition of
E-beam irradiation to the later stage of the sintering zone with inert gas purging and with a precise temperature control
near 340 °C. Alternatively, the post-extrusion E-beam crosslinking of a PTFE tube may also be achieved. In this case,
a PTFE tube cut at a finite length from a ram-extruded tubing spool is mounted onto a supporting metallic (stainless
steel) mandrel and then placed into a heated E-beam chamber with a precise temperature control (e.g. at about 340
°C) and inert gas purging (e.g. Argon, N2 etc.).
[0026] Typical polymer materials can be crosslinked at various phases (i.e. solid or molten state) via ionizing irradiation
(e.g. E-beam, gamma irradiation, etc.). Examples are heat-shrinkable tubes made of a variety of semicrystalline polymer
materials. For example, a pre-extruded polymer tube may be crosslinked in its solid state and then thermally expanded
at a radial expansion ratio when being heated to an elevated temperature near its melting temperature under an inert,
oxygen-free environment, followed by quick cooling to its solid state to impart its shrinkable dimensions. Such a heat-
shrinkable tube tends to shrink back to its unexpanded dimensions when being heated due to the material’s memory
effects imposed by the crosslinked network structure of material.
[0027] PTFE homopolymer material typically does not crosslink via general solidstate ionizing irradiation because it
is likely subjected to material degradation via irradiation-induced chain scission. Such irradiation-induced chain scission
reactions increase with irradiation temperature, when PTFE material is in its solid state. However, irradiation-induced
crosslinking reactions within the molten PTFE material would become dominant over irradiation-induced chain scission
when irradiation temperature is well above the melting point. In consideration of competing effects of thermallyinduced
chain scission on the progression of irradiation-induced crosslinking reactions, E-beam irradiation for a PTFE homopol-
ymer material may be subjected to an inert, oxygen-free environment (e.g. argon, helium, nitrogen etc.) at a preferable
irradiation temperature near 340 °C. Accordingly, the ram extrusion processes may be modified for making a xPTFE
tube by implementing E-beam irradiation at the later stage of sintering. After E-beam crosslinking, and optional thermal
expansion and quick cooling, the xPTFE tube demonstrates significantly improved abrasion resistance without suscep-
tibility to axial splitting and cracking. Therefore, such a xPTFE tube may be used as an integral and lubricious inner liner
202 for making catheter shaft 102 or shaft segment 114. To incorporate with an outer member 208, the exterior surface
of a xPTFE tube or such an inner liner 202 also has to be chemically treated using the same sodium naphthalenide
solution in THF or a glyme solvent as outlined above. The outer layer 208 may be directly adjacent the inner liner 202
or be positioned adjacent the optional reinforcing layer 204 and optional intermediate layer 206. The outer layer 208
may include a plurality of layers, for example. Each layer within the outer layer 208 may be manufactured of the same
materials, or of different materials. Any layers within the outer layer 208 may be chemically compatible or bondable
polymer materials. A variety of polymer materials with synergistically balanced material properties (e.g. modulus, tensile
strength, material toughness, melt processability & thermal stability, chemical resistance & compatibility with other
constituent materials, etc.), may be selected for preparing mono- or multilayered outer polymer layer 208 of an introducer
sheath or catheter shaft 102 and a relevant shaft segment or section 114.
[0028] For example, such polymer materials for outer polymer layer 208 may be commonly selected from a variety of
thermoplastic elastomer materials, such as polyamide-based thermoplastic elastomers (i.e. poly(ether-block-amide)
copolymers), thermoplastic polyurethane elastomers based on a series of segmented block copolymers having constit-
uent hard segments as derived from methylene diphenyl diisocyanate (MDI) and having constituent soft segments as
derived from different types of longchain polyglycols and combinations of these polyglycols (e.g. polyether glycols,
polycarbonate glycols, dihydroxylated siloxane polymers, etc.), polyester-based thermoplastic elastomers (i.e. po-
ly(ether-co-ester) block copolymers, etc. Alternatively, thermoplastic materials may also be considered for the outer
polymer layer 208 requiring relatively high modulus, column strength and torqueability. These materials may include
engineering thermoplastic polyurethanes, polyamides (e.g. PA11, PA12, PA612, etc.), polyesters (i.e. poly(ethylene
terephthalate) or PET, poly(butylene terephthalate) or PBT, etc.), poly(bisphenol A carbonate), etc.
[0029] For steerable introducers and high-performance delivery catheter devices, an optional reinforcing layer 204
may be utilized. This layer 204 may include a tubular mesh braided of multiple threads of metallic wires (e.g. stainless
steel or nickel-titanium alloy (or nitinol)) incorporated at the interface between an inner liner 202 and an outer polymer
layer 208 to form a braided, multilayered catheter shaft 102 or relevant shaft segment 114. Yet, in some other embod-
iments, a reinforcing layer 204 may be embedded within an outer layer 208 or intermediate layer 206 at different radial
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locations.
[0030] An optional intermediate layer 206 may act as a matrix material layer with reinforcing layer 204, for example.
In some embodiments, the intermediate layer 206 may be extruded over the reinforcing layer 204 to form a matrix
material layer. In other embodiments, the intermediate layer 206 may be separately extruded and then slipped about
reinforcing layer 204 as part of the catheter shaft 102 assembly.
[0031] In some embodiments, intermediate layer 206 may be hyperelastic relative to inner liner 202. In other words,
the intermediate layer 206 may have a lower flexural modulus and a higher yield strain than inner liner 202. The lower
flexural modulus and higher yield strain of intermediate layer 206 relative to inner liner 202 promotes maneuverability
and kink resistance of catheter shaft 102.
[0032] In some embodiments, intermediate layer 206 forms the outermost layer of catheter shaft 102 and may act as
or replace outer layer 208. Alternatively, outer layer 208 may be formed about the intermediate layer 206. Outer layer
208 may be formed by extruding a polymer material over intermediate layer 206. In some embodiments, outer layer 208
and intermediate layer 206 are co-extruded over reinforcing layer 204. In another example, outer layer 208 may be
separately extruded and then slipped about intermediate layer 206.
[0033] Suitable materials for intermediate layer 206 may be selected from various thermoplastic elastomer resins,
including, without limitation, styrenic block copolymers (e.g., Kraton™ D (including styrene-butadiene-styrene (SBS)
triblock copolymers and styrene-isoprene-styrene (SIS) triblock copolymers); Kraton™ G (including styrene-ethyl-
ene/butylene-styrene copolymers and styrene-ethylene/propylene-styrene (SEPS) copolymers; and SIBSTAR™ styrene-
isobutylene-styrene triblock copolymers), thermoplastic olefins (TPO) and elastomeric alloys (e.g., Santoprene™ and
Versaflex®), thermoplastic polyurethanes (e.g., Pellethane®; Estane®; Tecoflex™; Tecothane™; Carbothane™; Teco-
plast™; and Tecophilic™ TPUs), poly(ether-b-amide)s (e.g., Pebax®; Vestamid® E; and Grilamide® ELY), poly(ether-
ester)s (e.g., Hytrel®), ionomeric thermoplastic elastomers (e.g., Surlyn™), and any combinations thereof. Particularly
suitable materials for intermediate layer 206 include, without limitation, Pebax® 4033, Pebax® 5033, Pellethane®

2363-55D, and Surlyn™ 9320.
[0034] Referring to FIG. 3, a flow chart diagram of a method 300 of making a catheter shaft using melt processable
extrusion of an inner liner or layer is shown, according to some embodiments. One or more TFE-containing copolymers
are meltblended 306 with PTFE fine powder by using conventional polymer compounding. One or more optional liquid
lubricants may be added 305 to the blend. The resultant fluoropolymer blend is then melt-extruded 308 to form an inner
liner or layer. Chemical etching 312 on the exterior surface of inner layer is conducted to obtain a chemically etched
inner liner/layer, which is utilized to form 316 a catheter shaft (or shaft segment). Additional components or layers may
be assembled or formed 318 subsequently or therewith, such as an outer layer, and optionally, an intermediate layer,
and optionally, a reinforcing layer.
[0035] As discussed above, a fluoropolymer blend of one or more TFE-containing copolymers with incorporation of
PTFE fine powder 302 in a smaller amount by weight is dry blended and melt compounded (i.e., melt blending 306).
Melt compounding includes introducing PTFE and TFE-containing copolymer(s) into a single or twinscrew extruder
where all constituents of the blend are thoroughly molten and mixed, and then cooled and pelletized. The resultant
fluoropolymer blend in pellet form is then melt-extruded 308 through a tubular die to obtain an inner liner in a tubular
form by using a single screw extruder. By keeping the amount of PTFE fine powder at a considerably less amount than
the TFE-containing copolymer(s) in such a fluoropolymer blend, the presence of highly viscous PTFE homopolymer
material, or solid PTFE fine particles well dispersed in the melt, does not hinder inherent melt processability of the primary
TFE-containing copolymer material comprised of the molten fluoropolymer blend material during tube extrusion of inner
layer. The exterior surface of inner layer is chemically activated by using chemical etching 312. The resultant etched
inner layer is then thermally integrated and bonded 316 to form a catheter shaft and can be integrated and bonded with
other components (e.g. an outer layer, and optionally an intermediate layer and a reinforcing layer) to form catheter shaft
(or shaft segment) via a so-called thermal lamination or reflow process 318.
[0036] The etched inner liner, outer polymer layer 208, and optionally a reinforcing 204 and intermediate layers 206
(see FIG. 2) may be sequentially assembled onto a rod-like metallic mandrel (see 502 in of FIG. 5) whose outer diameter
conforms to the center lumen of the liner. The resultant assembly may then be fully encapsulated by a heat shrinkable
tube 210. Upon heating (see heat source 504 in FIG. 5) to a predetermined temperature, the outer polymer layer 208
and/or intermediate polymer layer 206 partially or fully melt and flow to fill up any spaces within the assembly under
radial pressure generated by the shrinkable tube 210. This is commonly known as the thermal lamination or reflowing
process for making a multiple layered catheter shaft 102 (or shaft segment 114). Reflowing results in seamless thermal-
fusion bonding between polymer layers, along with the optional reinforcing layer 204, if any, embedded in between, such
that an integral shaft 102 or an integral shaft segment 114 is obtained when the shrinkable tube 210 is removed.
[0037] Referring to FIG. 4, a flow chart diagram of a method 400 of making a catheter shaft using an inner liner ram-
extruded of a PTFE fluoropolymer blend material is shown, according to some embodiments. PTFE fine powder and
one or more TFE-containing copolymers in fine powder form are dry blended and well dispersed 402 within a proper
solvent to prepare a hybrid PTFE paste. Then, the hybrid PTFE paste is compression-molded 406 as hybrid PTFE
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preform, which is ram extruded 410 to form a ram-extruded hybrid PTFE inner liner. The exterior surface of the inner
layer is chemically activated to obtain an etched hybrid PTFE inner layer by using chemical etching 312. A catheter shaft
or shaft segment is formed 316 via reflowing process using the etched inner liner (as described with respect to FIG. 4
above). Additional components or layers may be assembled or formed 318 subsequently or therewith, such as an outer
layer, and optionally, an intermediate layer, and optionally, a reinforcing layer.
[0038] A hybrid PTFE paste made up of PTFE fine powder and chemically compatible TFE-containing copolymer(s)
in fine powder form may be prepared 402 and utilized for ram tube extrusion 410. Examples of copolymers include PFA,
FEP and/or ETFE that have comparably high melting temperatures as PTFE homopolymer and commercially available
in micronized fine powder forms. To prepare a hybrid PTFE paste, PTFE fine powder at about 50 to 99%, or about 70
to 90%, are thoroughly dryblended with the other TFE-containing copolymer in fine powder and then liquid-mixed with
the same (aromatic) hydrocarbon solvent and/or fluorinated hydrocarbon fluid (e.g. Isopar™ E isoparaffinic hydrocarbon
fluid) as for a 100% PTFE fine powder. The hybrid PTFE paste is then fabricated (e.g., compression molded 406) into
a preform or billet. The hybrid PTFE preform or billet is intermittently fed into a ram extruder for ram tube extrusion 410,
which may comprise solvent evaporation and sintering through a series of vacuumed ovens, and optional, E-beam
crosslinking at the later stage of sintering.
[0039] A TFE-containing copolymer material, e.g. PFA, FEP, and ETFE, etc., generally has a lower melting and
crystallization temperature than a PTFE homopolymer, but with comparable thermal stability. During sintering, the other
copolymer material thermally fuses with the PTFE matrix or PTFE fibrils. As a result, upon post-sintering cooling, the
other TFE-containing copolymer crystallize earlier to largely disturb the oriented phase morphology of the PTFE matrix
(undisturbed fibrous morphology 600 of pure PTFE liner shown in of FIGS. 6A-B). Accordingly, a fluoropolymer inner
liner ram-extruded of a hybrid PTFE paste, is integral and lubricious because it exhibits almost identical surface lubricity
as a pure PTFE inner liner, but does not exhibit the phenomena of axial splitting, cracking and poor abrasion and wear
in relevant engineering tests.
[0040] A hybrid PTFE paste of PTFE and one or more TFE-containing copolymers may be ram extruded 410. In this
process, the amount of PTFE with respect to TFE-containing copolymers in the paste may be about 50% to about 99%
by weight. The amount of one or more TFE-containing copolymers may inversely include about 1% to about 50% by
weight, about 5% to about 35% by weight, or about 10% to about 25% by weight. Ram tube extrusion 410 using PTFE
homopolymer in fine powder with a TFE-containing copolymer material, also in fine powder, may be utilized to prepare
a hybrid fluoropolymer tube or inner liner. The inclusion of a perfluorinated copolymer material, such as PFA, FEP and
ETFE, retains the high material lubricity of the PTFE homopolymer material, while the inherent fibrous structure of the
PTFE homopolymer is considerably disturbed or absent due to the occurrence of co-crystallization of the copolymer
material between the oriented PTFE fibrils. To make such an integral lubricious fluoropolymer inner tube or liner, a PTFE
homopolymer material and a TFE-containing perfluorinated copolymer material (e.g. PFA, ETFE, and FEP), both supplied
in fine powder, may dry mixed and then admixed with a hydrocarbon lubricant or solvent to obtain a hybrid PTFE paste
for ram tube extrusion 410. The ram tube extrusion process 410 requires preform preparation 406 and includes multiple
process steps including ram extrusion through a tubular die, solvent evaporation and sintering, for example. Optionally,
an E-beam crosslinking step subsequent to the sintering process step may be added to obtain an integral and lubricous,
crosslinked inner tube made of a hybrid PTFE fluoropolymer paste 404 (as discussed in an alternative embodiment
above).
[0041] Similar to a hybrid PTFE inner layer ram-extruded of a hybrid PTFE paste (FIG. 4) as discussed above, a
xPTFE inner layer comprised of a 100% PTFE homopolymer material 302 can be ram-extruded with an E-beam crosslink-
ing step integrated with ram extrusion. Such a xPTFE inner layer can be chemically etched to obtain an etched inner
layer, which is then assembled 318 with an outer layer 208, and optionally reinforcing layer 204 and an intermediate
layer 206, to form 316 catheter shaft or shaft segment. Additional components or layers may be assembled or formed
318 subsequently or therewith, such as an outer layer, and optionally, an intermediate layer, and optionally, a reinforcing
layer.
[0042] Embodiments are described herein of various apparatuses, systems, and/or methods. Numerous specific details
are set forth to provide a thorough understanding of the overall structure, function, manufacture, and use of the embod-
iments as described in the specification and illustrated in the accompanying drawings. It will be understood by those
skilled in the art, however, that the embodiments may be practiced without such specific details. In other instances, well-
known operations, components, and elements have not been described in detail so as not to obscure the embodiments
described in the specification. Those of ordinary skill in the art will understand that the embodiments described and
illustrated herein are non-limiting examples, and thus it may be appreciated that the specific structural and functional
details disclosed herein may be representative and do not necessarily limit the scope of the embodiments, the scope of
which is defined solely by the appended claims.
[0043] Reference throughout the specification to "various embodiments," "some embodiments," "one embodiment,"
or "an embodiment", or the like, means that a particular feature, structure, or characteristic described in connection with
the embodiment(s) is included in at least one embodiment. Thus, appearances of the phrases "in various embodiments,"
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"in some embodiments," "in one embodiment," or "in an embodiment," or the like, in places throughout the specification,
are not necessarily all referring to the same embodiment. Furthermore, the particular features, structures, or character-
istics may be combined in any suitable manner in one or more embodiments. Thus, the particular features, structures,
or characteristics illustrated or described in connection with one embodiment may be combined, in whole or in part, with
the features, structures, or characteristics of one or more other embodiments without limitation given that such combi-
nation is not illogical or non-functional.

Claims

1. A catheter liner comprising:
an inner polymer layer disposed adjacent to an outer polymer layer and defining an internal lumen, wherein the
inner polymer layer includes an irradiation-crosslinked material including polytetrafluoroethylene (PTFE).

2. The catheter liner of claim 1, wherein the irradiation-crosslinked material includes crosslinks between PTFE fibrils.

3. The catheter liner of any one of claims 1 to 2, wherein homopolymers in the irradiation-crosslinked material consist
of 100% PTFE.

4. A catheter comprising:

a proximal handle;
a distal tip; and
a shaft extending between the proximal handle and the distal tip, the shaft including:

an outer polymer layer; and
a catheter liner of any one of claims 1 to 3.

5. The catheter of claim 4 further comprising a reinforcing layer disposed between the inner polymer layer and the
outer polymer layer.

6. The catheter of claim 5, wherein the reinforcing layer includes a tubular mesh including metallic wires.

7. The catheter of claim 5 further comprising an intermediate layer disposed between the reinforcing layer and the
outer polymer layer.

8. The catheter of claim 4, further comprising an intermediate layer disposed between the inner polymer layer and the
outer polymer layer.

9. The catheter of claim 4, wherein the inner polymer layer is positioned directly adjacent to the outer polymer layer.

10. The catheter of any one of claims 4 to 9, wherein the inner polymer layer is an etched inner polymer layer.

11. A method of making a catheter liner, the method comprising:

(a) irradiating a PTFE homopolymer-containing material sufficient to introduce crosslinks between fibrils of the
PTFE homopolymer-containing material; and
(b) extruding the PTFE homopolymer-containing material to form an inner polymer layer.

12. The method of claim 11, wherein step (a) is completed prior to step (b), and wherein irradiating includes electron
beam irradiation in an electron beam chamber while purging the electron beam chamber with one or more inert gases.

13. The method of any one of claims 11 to 12, wherein extruding includes ram extruding, and wherein irradiation in step
(a) is applied to molten PTFE homopolymer-containing material.
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